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We obtain the in-medium one-meson exchange potential between nucleons in symmetric nuclear
matter at zero temperature, from a model which includes ρ, σ, ω and pi mesons. The behavior
of rho mesons inside the medium is first discussed using two different schemes to extract a finite
contribution from the vacuum polarization. Both schemes give qualitatively different results for the
in-medium rho mass. This results are discussed in connection of the non-renormalizability of the
model. We next study the modified potential as density increases. In the intermediate distance
range, it is qualitatively modified by matter and vacuum effects. In the long-distance range (r > 2
fm), one observes the presence of oscillations, which are not present in free-space. Features on this
distance range are insensitive to the renormalization scheme.
I. INTRODUCTION
Quantum Hadrodynamics (QHD) designates a class of models in which nuclear interactions are described through
effective relativistic Lagrangians of nucleons coupled to dierent kinds of mesons. Such models have been successfully
used during the past decades to study very dierent situations, such as nucleon-nucleon scattering processes in free
space [1] and the nuclear many-body problem [2] (for a recent review of QHD models, see [4]). In vacuum, the one-
boson exchange approximation gives a reasonable approximation to nucleon-nucleon scattering data. The situation
becomes more complicated, as long as high density is concern, since higher-order diagrams have to be taken into
account. It has been argued, for example, that (relativistic) Dirac-Brueckner calculations provide a mechanism to t
nuclear saturation properties [5,6]. In this approach, one considers the iterated potential via a G-matrix calculation,
and nucleon legs are dressed within the mean-eld approximation. The potential which is used for these iterations,
however, is the vacuum potential.
Nevertheless, it is well-known that medium eects will modify the two-particle interaction due to screening effects.
For example, in QED the lowest-order interaction potential between two static charges is the usual Coulomb potential.
Inside a plasma, collective eects modify the photon propagator, and correspondingly one obtains a screened Debye
potential. At larger distances, new phenomena appear. If the temperature is suciently low, the potential becomes
oscillatory and damped as some power-law of the distance. These are the so-called Friedel oscillations [7], and are
originated by the sharp prole of the Fermi surface at low temperatures. Similar screening eects are encountered
in a QCD quark-gluon plasma when the quark-antiquark potential is calculated within the same approximations [8].
A similar eect appears if one considers the spatial dependence of static meson correlation functions at nite baryon
density in the Nambu { Jona - Lasinio model [9].
For a nuclear plasma, again, the presence of the medium will give rise to a modied interaction. In fact, these eects
have been investigated so far in the case of the one-pion exchange [10] and for the Walecka model [11,12]. In both
cases, it was obtained a screened potential that diers from the one obtained in vacuum. At long distances (r  2
fm), the potential shows also an oscillatory behavior, as in the QED and QCD cases. Our claim is that screening
may give important eects, both quantitative and qualitative, and have to be considered in many body calculations
of nuclear matter.
In this paper, we consider these eects within a model which includes  mesons, in addition to the ;  and ! mesons
already considered in the previous references. The inclusion of  mesons is an important ingredient in determining the
nucleon-nucleon potential within QHD models [1]. Also, obtaining the rho propagator in dense matter will allow us to
investigate how its in-medium mass changes as density increases. This has become an important issue in examining
the dilepton excess observed at low invariant masses observed in heavy ion collisions [26]. As we will show, however,
the evolution of the  meson mass with density in this QHD model is very sensitive to the way in which the vacuum
terms of the polarization are treated. In fact, the derivative coupling used in the model leads to non-renormalizability
(in contrast to the models mentioned above). While this property might not be a requirement in the case of effective
models, one has to provide a description to eliminate the divergences that arise in these relativistic models consistently.
As a matter of fact, one nds that , in renormalizable QHD models, vacuum eects eliminate the pathologies which
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appear when all vacuum terms are simply left out [13].We will examine here two dierent prescriptions, leading to
dierent consequences for the rho mass in nuclear matter.
This paper is organized as follows. In section 2 we dene the model and calculate the corresponding meson
propagators in the medium. In section 3 we discuss how to extract a nite vacuum term from the vacuum polarization
in the case of rho mesons. We show in section 4 general expressions for the one-boson exchange potential in the medium.
In section 5 we start to present our results : we discuss the rho-meson dispersion relations in connection with the
two renormalization procedures discussed in section 3. Results concerning the in-medium potential are showed in
section 6. We rst consider only the exchange of rho mesons. After this, we give some plots which are obtained by
adding all kind of mesons present in our model. Section 7 is devoted to summarize our main results and to make some
comments. We have relegated to Appendix A the explicit formulae concerning the polarization tensor of rho mesons.
Appendix B contains the conguration space contributions from dierent mesons to the nucleon-nucleon potential.
II. MESON PROPAGATORS IN SYMMETRIC NUCLEAR
MATTER.
In this section we describe the main steps necessary to obtain the in-medium meson propagators. The starting
point will be a QHD model. For this, we adopt the one described by the following Lagrangian :
L = LN + Lσ + Lω + Lpi + Lρ + LI + LCC (1)
which assumes nucleons interacting with several kinds of mesons : ; ;  and !. In the latter equation, LN corresponds
to the nucleon Dirac free Lagrangian:






is the nucleon isospin-doublet (protons and neutrons) eld with mass m .
Lσ = (1=2) [ (@ ν )(@ ν ) −  2σ 2 ] (3)
Lpi = (1=2) [ (@ ν ~)(@ ν ~) −  2pi ~2 ] (4)
Lρ = −(1=2) [ (1=2) ~Rµνρ  ~R ρµν −  2ρ ~ ν  ~ν ] (5)
Lω = −(1=2) [ (1=2) F µνω  Fωµν −  2ω ! ν  !ν ] (6)
are the free meson lagrangians for the mesons with masses i (i=; ;  and !). LI gives the meson-nucleon interaction.
We have adopted simple Yukawa couplings for the ;  and ! mesons. For the -meson we have added a tensor term
[1]. Therefore, we have :
LI = gσ    + gω  γµ !µ  − i gpi  γ5 ~  ~  
+ gρ  γµ ~  ~µ  − fρ2m  µν  ~  @ν ~µ (7)
with the following notations :
F µ νω = @
µ ! ν − @ ν ! µ (8)
~R µνρ = @
µ ~ ν − @ν ~ µ + gρ ( ~ µ  ~ ν ) (9)
Finally, LCC contains the counterterms necessary to eliminate the divergences contained in the vacuum polarization.
We will discuss this topic with more detail in the next section .
From Eq. (1) one can obtain the equations of motion for the nucleons and mesons. In order to obtain the meson
propagators, we have used the linear response theory around a given ground state of the meson-nucleon plasma. Our
formalism is based on the introduction of Wigner and correlation functions. This formalism has been described in
several papers in connection with the nucleon-nucleon interaction in a nuclear medium [3,13,11]. We will here give
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only the main steps relevant to the model adopted above, and we refer the reader to these papers (and references
therein) for a detailed description of the method.
The Wigner function for the nucleons is dened by :
F (x; p) =< F^ (x; p) >= tr
h
^E F^ (x; p)
i
(10)
where F^ (x; p) represents the nucleon Wigner operator




d4R e−ipR  (x+
R
2
) ⊗  (x− R
2
) (11)
and ^E is the equilibrium density matrix operator. For a system at a given temperature T which allows for particle
number variation, this is given by the Grand Canonical operator. For a given quantum operator O^, the statistical
average is dened, as in Eq.(10), by





(the symbol tr means the trace with respect to the quantum states available to the system).
We assume that equilibrium can be described by the Hartree approximation. Within this approximation, meson
elds are treated as classical elds and replaced by their statistical averages. These are furthermore restricted by
symmetry properties. For symmetric nuclear matter, only <  > and the time-like component < !0 > survive [2] (all
other mean meson elds are zero). This means that the nuclear background is described by the Walecka model. The
mean-eld values have to be obtained self-consistently, by solving the equations




0 > = − gω Tr
Z
d4p γ0FH(p) (14)
Here, Tr stands for the spin-isospin trace. The nucleon Wigner function in the Hartree approximation is given by






The nucleon eective mass is M = m − gσ <  >, Pµ = pµ + gω < !µ > and f(p) is the relativistic distribution




(P 2 − M2) [ Ω+(p0) + Ω−(p0) − H(−P0) ] (16)
where H(x) is the Heaviside step function and Ω+(p0) (Ω−(p0)) are the nucleon (anti-nucleon) occupation numbers:
Ω(p0) = H(P0)
1
[ 1 + e β ( p0 µ ) ]
(17)
In the latter equation,  is the nucleon chemical potential and  = 1=T (we take the Boltzmann constant kB = 1).
The next step in the linear response formalism is made by introducing small perturbations of the meson elds and
the nucleon Wigner function around their Hartree values. Therefore, one has to replace :
(x) = <  > +  (x)
! µ (x) = < ! µ > +  ! µ (x)
~(x) =  ~ (x)
~ µ (x) = ~ µ (x)
3
F (x; p) = FH(p) + F (x; p) (18)
in the corresponding equations of motion, and consider only terms which are linear in the perturbations (notice that
< ~ >=< ~ µ >= 0 , as discussed above). One then obtains a system of coupled equations which can be solved for
F (x; p) . When substituted in the other equations, it gives a system of equations for the meson sector. For symmetric
Nuclear Matter, the resulting system is considerably simplied. First, the pions and the rho mesons decouple from
the rest. Only the  and ! mesons are mixed together. However, the corresponding  + ! equations are the same
that appear in the Walecka model [15], [11]. Similarly, one reproduces for pions the well-known results [2,13]. For
this reason, we will concentrate here on the rho mesons. In this case, because of isospin symmetry, the equations of
motion are the same for +, −, and 0, and can be written as :
Dµν(k) ν 
−kµkν + ( k2 − 2ρ ) gµν + µνρ (k)  ν = 0 (19)
Here, µνρ (k) is the -meson polarization tensor (explicit formulae are given in Appendix A). This tensor can be
decomposed into two terms (we omit Lorentz indices):
ρ(k) = matρ (k) + 
vac
ρ (k) (20)
The matter polarization, matρ (k) vanishes in free space, i.e. at zero density and temperature. The second, vacuum
term vacρ (k) , gives a non-zero contribution, even in free space. It contains divergent integrals from which one has
to extract a nite contribution. This will be discussed in the next section.
The -meson propagator in the medium G(k) can be obtained by analyzing the response of the meson eld against
external nuclear sources. This procedure has been described in detail in [11]. As we showed in this reference, the
resulting propagator is given, in a matrix form, by
G(k) = − [D(k)]−1 (21)
and obeys the Dyson equation (also written matricially). This equation, graphically represented in Fig. 1, reads as
G(k) = G0(k) +G0(k)ρ(k)G(k) (22)
where G0(k) is the non-interacting -meson propagator in vacuum. Eq. (19) can be analyzed with more detail by
choosing a particular frame with the z-axis along the direction of ~k , in such a way that kµ = (w; 0; 0; q). Then, the
only non-vanishing components of the polarization are 00ρ (k), 
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ρ (k) = 
30
ρ (k) and 
33
ρ (k). Eq.
(19) then becomes 264 D
00(k) 0 0 D03(k)
0 D11(k) 0 0
0 0 D22(k) 0







375 = 0 (23)
where
D00(k) = − ( q2 + 2ρ − 00ρ (k) )
D11(k) = D22(k) = − ( k2 − 2ρ − 11ρ (k) )
D33(k) = −w2 + 2ρ + 33ρ (k)
D03(k) = D30(k) = −wq + 03ρ (k)
(24)
The dispersion relations can now be obtained by equating to zero the determinant of Eq. (23), which can be factored
out into two terms :
jD(k)j = (D11(k))2:
 D00(k) D03(k)D30(k) D33(k)
 = 0 (25)
We obtain two equations, corresponding to transverse and time-longitudinal modes. They are given, respectively,
by :
k2 − 2ρ − 11ρ (k) = 0 (26)
and
k2 − 2ρ − k2=q2 00ρ (k) = 0 (27)
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III. VACUUM POLARIZATION
In this section we discuss a procedure to extract a nite contribution from the vacuum polarization tensor. In the
case of the , ! and  mesons, the Lagrangian is renormalizable. This means that the divergences can be eliminated,
consistently at all orders, by introducing appropriate counterterms in the Lagrangian and imposing some physical
conditions. This has been discussed in several papers within the formalism of Wigner functions (see [16,3,13]). As
discussed in these references, the vacuum polarization gives an important contribution and eliminates some of the
pathologies that appear in the semi-classical approximation (when all vacuum terms are simply discarded1). Therefore,
one would like to conserve vacuum eects. Here, however, there is an important dierence when considering the rho
mesons. In fact, due to the derivative coupling appearing in (7), the Lagrangian becomes non-renormalizable, which
implies that the counterterms needed to compensate the innities at a given order of approximation will not be valid
at higher orders. Nevertheless, it is still possible to eliminate the divergences at a given order by the procedure
mentioned above. At the one-loop level, this becomes possible by adding the following counterterm Lagrangian :
LρCC =
n
(d1 + d2  + d3 2 ) ~Rµν  ~Rµν + d4 (@α ~Rµν)  (@α ~Rµν)
o
(28)
in which di (i = 1; 4) are constants to be determined by the renormalization procedure. In order to obtain the nite
(renormalized) vacuum polarization, we have followed the same on-shell scheme as we used for other mesons [13]. We










The function I(k) is given in Appendix A.
A dierent scheme to obtain the vacuum polarization of the rho mesons was suggested by Shiomi and Hatsuda [14].
In this paper, a subtraction procedure is used in such a way that the innite set of conditions
@nµνρren(k)=@(k
2)njM!m,k2=m2ρ = 0; (n = 0; 1; 2; :::;1) (31)
is fullled. The resulting expressions for the renormalized vacuum polarization can be found in the above reference.
We have also implemented this alternative scheme in our calculations in order to investigate the influence of the
treatment of the vacuum. As we will see, both schemes predict a completely dierent behavior of the in-medium rho
meson mass as density increases.
IV. ONE-BOSON EXCHANGE POTENTIAL IN THE MEDIUM.
In this section we calculate the in-medium nucleon-nucleon potential, as obtained in the one-boson exchange ap-
proximation. As mentioned in the previous section, when the background is symmetric nuclear matter, rho mesons
(and pions as well) decouple from the rest of mesons, whereas  and ! mesons are coupled together. Therefore, the
total potential shows the following meson structure :
V = Vσ+ω + Vpi + Vρ (32)
where Vσ+ω ,Vpi and Vρ are obtained by  + !, one-pion and one-rho exchange, respectively. Our method follows a
similar procedure to the construction of the one-boson exchange potential in vacuum [1]. The essential dierence is
that free meson propagators are replaced by in-medium propagators. Also, the external nucleon lines correspond to
in-medium spinors, as they arise by solving the nucleon Dirac equation in the Hartree approximation. This method
has been detailed in [11], and applied to the calculation of Vσ+ω . As in the free case, we expand the resulting potential
1Moreover, the vacuum contribution depends on the plasma thermodynamical state, so that it can not be simply subtracted
in a fully consistent way.
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This has the advantage to simplify the spin structure of the nucleon-nucleon potential. For degenerate nuclear matter,
one has p  pF , where pF is the nucleon Fermi momentum. If the density is close to saturation, the next term in the




4  ( 0.30.74. Of course, if density is much larger, higher order
terms in the above expansion should be taken into account.
The one-pion exchange potential in momentum space can be obtained by the above mentioned method. Within the
quadratic momentum approximation in the external nucleon lines, it only depends on the relative momentum ~q :





(~q  ~1)(~q  ~2) 1
~q 2 + 2pi + pi(0; ~q )

~1  ~2 (33)
In the latter equation, ~i (~i) represent the spin (isospin) Pauli matrices for the two (i = 1; 2) interacting nucleons.
In constructing the one-rho potential one has to take into account the diagram shown in Fig. 2, where the double
line represents the in-medium rho-meson propagator, as given by Eqs. (21) and (24). The amplitude corresponding








µ − fρ2m µβ(p1 0 − p1)β

a1







ν − fρ2m να(p2 0 − p2)α

b2 [ u(~p2; s2) 2 ]
 (34)
In this equation, 1; 2 stand for the quantum states of the initial nucleons with four-momenta p1 and p2. They
have associated spinors u(~p1; s1) and u(~p2; s2) . Similarly, the prime indicates the corresponding magnitudes for nal
nucleons. The isospin operators a1 ; b1 (a; b = +;−; 0) label the associated rho charged elds. From Eq. (34) we
obtain the one-rho exchange potential, by using the same procedure as for the other mesons. In the center-of-mass
(CM) of the nucleons, the potential is given by:
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4M2 + 2 ~Q2 +
3~q 2
2
− 2i ( ~Q ^ ~q ) ~S

+ (G11 −G33) 4 (Q3)2 − 4G11 ~Q2
i )
~1  ~2 (35)
In this frame, initial nucleons have momenta ~p and −~p , whereas nal nucleons are assumed to have momenta ~p0 and
-~p0 . We have introduced the notations :
~q = ~p− ~p 0
~Q = (~p+ ~p 0) =2 (36)
Next we will construct the in-medium nuclear potential in conguration space. This is done by Fourier transformation
of the corresponding momentum-space magnitudes. Before proceeding, we include a phenomenomenological form
factor in the nucleon-meson vertices. This amounts to making the replacement:
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gα ! gα  Fα(q)






( = ; !; ; ) in all previous equations in momentum space. After some algebra, the conguration space potential
can be decomposed in the following way [1] :
V (~r ) = Vc(r) − 12










+ VLS(r) ~L  ~S + VSS(r) ~1  ~2 + VT (r) S12
(38)
with the following notations : ~L is the angular momentum operator, ~S = 12 (~1 + ~2) is the total spin of the nucleons
and S12 the tensor operator. In this way, Vc(r) is the central part of the potential, VLS(r) is the spin-orbit, VSS(r) is
the spin-spin, and VT (r) is the tensor potential. In addition to the spin structure, one has to include a factor ~1  ~2
in the pion and rho contributions (omitted here). The second and third terms in Eq. (38) are non-local terms. Their
contribution will depend on the explicit form of the two-nucleon wave function and, therefore, can not be directly
plotted. For our analysis in the next section we will not consider these terms.
Each one of the pieces in Eq. (38) may have contributions from dierent meson exchanges ( + ! sector,  or ).
Their expressions can be found in Appendix B.
V. RESULTS
A. Choice of parameters
We will analyze the behavior of the in-medium potential as density changes, at zero temperature. Our calculations
include the vacuum and matter polarization in the meson propagators. We have chosen the value of the coupling
constants and cuto parameters in such a way that, at zero density, the model reproduces a nucleon-nucleon potential
as close as possible to the Bonn ’Potential A’ [1] (table A.3 in this reference). The values of meson masses are taken
directly from this reference. However, we do not include the  and  mesons in the tting procedure. Since the
Bonn potential has been adjusted to reproduce low-energy nucleon scattering data, we expect that our model can
give a reasonable description to these experimental data. We have chosen to make this t in the region from 0:5 to
2 fm in the case of rho mesons, and from 0:9 to 2 fm for other mesons. The resulting parameters are given in Table
1, and the values of the obtained chi-squared for the dierent pieces of the potential appear in Table 2. We have
combined for this tting the spin-spin component of the potential, together with the central term, as in [1] by dening
VCSS = Vc − 3VSS .
B. Rho meson dispersion relations
By adopting the above values of the meson parameters, we have rst performed a numerical study of the rho-meson2
dispersion relations Eqs. (26), (27). Vacuum appears through the renormalization scheme discussed in Section 2. We
use the on-shell scheme described in that section, but some results are presented by using the alternative method
of Ref. [14]. In Fig. 3, the resulting branches for saturation density are plotted. This density corresponds, in our
model. to a nucleon Fermi momentum pF = 0:3 (all magnitudes are given in units of the bare nucleon mass m). The
variables w and q are dened by k = (w; 0; 0; q), as in Section 2. In this gure and the next ones, left panel shows
transverse modes, while right panel shows time-longitudinal modes.
We rst observe that, for this density, both modes are indistinguishable. Secondly, there are three time-like
branches associated to each mode. There is a lower branch, which is the analogous of the vacuum mass-shell condition
2The analysis of the σ , ω and pi dispersion relations has been performed in [13].
7
−k2 + 2ρ = 0 , although it is modied by polarization eects : these are the so-called normal branches. In addition
to this, one observes heavy branches above the normal one. This kind of meson branches have been obtained in other
models of QHD and originate from vacuum eects [13,3]. Moreover, the appearance of such meson modes, which
are present at densities corresponding to pF  0:3, is not a peculiarity of our renormalization scheme. In fact, we
have veried that heavy branches appear also if the scheme of Ref. [14] is used for the vacuum polarization. Another
important outcome is that no branches of the zero-sound or tachyonic type are present on the space-like (k2 < 0)
region.
The evolution of normal branches as density increases can be seen in Fig. 5, where we have plotted these branches
for dierent values of pF =m. The most important feature in this gure is that normal modes go to higher frequencies
for larger densities (for the range of densities considered here).
From the dispersion relations one can obtain the in-medium mass eff dened, for the normal branches, as eff =
w(q = 0). In Fig. 7 we show how eff evolves, in units of the vacuum mass ρ as pF grows (remember that
pF =m = 0:3 corresponds to saturation density). As it is observed on this gure, the model used here, together with
the on-shell renormalization scheme, gives an in-medium mass which is larger than in vacuum. In order to investigate
the origin of this increase in our model, we have recalculated the evolution of eff , but keeping only the matter
contribution in the rho meson polarization (thus neglecting the vacuum term). The result, plotted in Fig. 8, shows
that matter polarization alone originates an increase of eff which is even larger than the combined matter plus
vacuum situation. Thus the inclusion of vacuum largely aects the meson propagation in matter.
This becomes more evident if one makes use of the renormalization scheme proposed in [14]. As discussed on this
reference, one then obtains a rho mass which decreases with density. By using the formulae given in this reference,
we have obtained Fig. 9. These results are in agreement with the ones of Hatsuda and Lee [18] as a consequence of
QCD sum rules, which allows to parameterize the in-medium mass of vector mesons in the way
ef
ρ
 1− (0:18 0:05) 
0
(39)
as a function of the density  (written in units of the nuclear saturation density 0). The use of QCD sum rules,
however, contains some uncertainties, of the order of 100 MeV, and some inconsistencies with chiral perturbation
theory arise [20].
A similar dropping of the vector meson mass was predicted by Brown and Rho by symmetry-scaling arguments on
QCD [19]. Other calculations, based on the vector dominance model [21] or in quark-meson coupling models [22,23]
also predict a lowering of the rho meson mass. Nevertheless, the theoretical situation is far to be denitive, and there
is a possibility for the rho mass to increase, rather to decrease, due to medium eects [32,33].
There are some experiments in which it has been claimed that one can extract information about the vector mesons
in a nuclear medium. In heavy-ion collisions as HELIOS-3 and CERES, the excess of dilepton production at invariant
masses lower than the bare meson mass might be explained by assuming a dropping of the rho-meson mass [24{26].
However, it has been pointed out that keeping a constant rho mass and introducing a medium modication of its
width [27] could also explain the dilepton excess. Friman and Pirner [28] have also argued that the p-wave polarization
in the rho-meson self energy in matter plays an important role in shifting the dilepton spectrum to lower invariant
masses. On the other hand, measurements of polarization-transfer experiments with polarized protons seem to favor
the low-mass hypothesis as well [29{31].
In summary, the problem of how medium eects will modify the rho-meson properties is still not well established,
both from the theoretical and observational points of view, although the possibility that its mass will be smaller at
higher densities seems to be more favored. Future experiments, like HADES at GSI [28] and complementary studies
in INS will help to reveal this issue.
In view of this situation, we have made some comparisons using the two renormalization schemes described above,
each one of them giving a dierent behavior of the rho meson inside the nuclear medium.
VI. EFFECTIVE POTENTIAL IN THE MEDIUM.
We shall now analyze the dierent components of the in-medium potential in position space, obtained in section
4, as density changes at T = 0 . As discussed in that section, the mixing terms of the -meson polarization with
other mesons vanish if one considers symmetric nuclear matter, a circumstance which will allow us to consider rst
the contribution of this meson alone to the potential. Later, we shall add the contributions of the , ! and  mesons.
In performing the present analysis, it is useful to make the following division in the distance variable r , as was
made in [11] :
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a) In the short-range region 0  r  1 fm, relativistic eects (beyond the quadratic approximation considered
above) become important. Also, in this distance range the extended structure of the nucleon must be properly taken
into account. The introduction of form factors allows to simulate this eect for not-too-short distances, such as 0:5 
r  0:8 fm. For shorter distances, calculations from our model will not be reliable.
b) The intermediate region will be dened as the distance range 1  r  2fm. Within this range, the vacuum
potential becomes quantitatively modied by medium and vacuum eects, as compared to the free-space potential.
c) In the long-range region : r  2 fm, matter polarization dominates, and one can observe qualitatively new
features.
A. Rho-meson exchange
In Fig. 10 we show the central component of the potential for the one-rho meson exchange. In the upper panel
we have plotted the in-medium potential at saturation density : pF =m = 0:3 (solid curve) in comparison with the
free-space potential, which was calculated setting pF = 0 (vacuum polarization eects, however, are kept for this
calculation), shown by the dashed curve. As seen from this comparison, matter eects makes the rho-meson exchange
more repulsive at short and intermediate distances. We will observe later that this feature remains when more mesons
are added to the potential.
In the lower panel we investigate the situation in the long-range region. We have represented curves corresponding
to dierent densities, each one labeled by the corresponding pF . Here, the interaction is qualitatively dierent from
vacuum (short-dashed line). Instead of the usual exponential damping, at non-zero density the potential becomes
oscillatory : this is due to the presence of Friedel and Yukawa oscillations. The rst kind of oscillations arise because
the analytically-continued matter polarization shows branch cuts starting at q = 2pF in the complex q-plane. This
phenomenon was rst discovered for a QED plasma [7] and was also evidenced in the case of a QCD plasma [8]. The
corresponding analysis for a nucleon plasma in dierent models was performed in [10,12,11].
On the other hand, Yukawa oscillations appear when the analytically-continued boson propagator has a pole (in
the complex q-plane) away from the real and imaginary axis. Such phenomenon has been found so far for a nucleon
plasma in the one-pion exchange approximation, and for a quark-gluon plasma when one-gluon exchange is considered
[34]. These oscillating phenomena can have consequences if one goes beyond the Hartree approximation, by including
the polarization contribution into the ground-state energy. In the case of Friedel oscillations, it has been found that
a periodic-density conguration, with period equal to the characteristic period of Friedel oscillations, has a lower
energy than a constant-density conguration [35,36]. This can be interpreted as a transition to a spatially-structured
conguration.
The two kind of oscillations in the potential have distinctive features. First, Friedel oscillations are damped as a
power of the distance, whereas Yukawa oscillations are exponentially damped with distance. This implies that the
former dominate for very long distances (around r  5 fm, for a nucleon plasma). The second property is the behavior
with temperature : Friedel oscillations fade away exponentially as temperature grows, with a typical scale T  15
MeV. On the other hand, in the case of one-pion exchange inside a nucleon plasma,Yukawa oscillations exist only
below some critical temperature. This critical temperature depends on the density, around Tc  60 MeV at saturation
density.
Similar features can be observed in the remaining components (spin-orbit, tensor and spin-spin) of the potential.
They are plotted in dierent panels of Fig. 11 at various densities (labeled by their corresponding pF ). They show
an oscillatory behavior : in all cases, the amplitude of oscillations increases with density. The oscillations arise as a
consequence of the combined eect of Friedel and Yukawa oscillations. In order to separate this eects for rho mesons,
one needs to perform the analytical continuation of the meson propagator and to study the evolution of the Yukawa
pole as density and temperature evolves. This will be the subject of a future work.
As mentioned above, matter polarization dominates the potential qualitative features at large distances. Therefore,
the renormalization scheme should not introduce important changes on these features. In order to verify this point,
we have repeated the calculations shown in Fig. 11, using the alternative renormalization method discussed in section
2, for the value pF =m = 0:3 The result is plotted for comparison on the same gure, for the tensor and spin-spin
potential, using a dotted line. One can see that the corresponding curve is very close to the one calculated with the on-




We will now present some results which are obtained by adding the contribution of the  + ! sector and the 
exchange to the potential given above. For the central component in a state of total isospin T = 1, there is no pion
contribution, and one has :
Vc(r) = V σ+ωc (r) + V
ρ
c (r) (40)
The result is plotted in Fig. 12 for saturation density (solid curve), where left and right panels show two dierent
distance ranges. Also shown for comparison is the free-space potential (which includes the vacuum polarization with
on-shell renormalization, as before). The latter has a potential well with a minimum at r  1:3 fm. At saturation
density, the position of the minimum is displaced towards larger distances. At shorter distances, it becomes more
strongly repulsive than the vacuum potential.
Fig. 13 shows the potential of two nucleons on a state of total spin S = 0 and total isospin T = 1 for the same
distance ranges as above. In this case, all mesons contribute through the following combination :
VCSS = V σ+ωc + V
ρ
c − 3  V σ+ωSS − 3  V piSS − 3  V ρSS (41)
As before, the solid line is the in-medium potential given by our model at saturation density. This curve is to be
compared to the one given by the same model in absence of matter (dashed-dotted line). Also shown is the potential
obtained in vacuum if one considers a model where these mesons are exchanged without any modication of their free
propagators, as in [1] (dotted line) 3. On the left, we can appreciate the shape of the potential in the intermediate
range. In vacuum, it has a potential well with a depth  40 MeV. As density increases, it becomes slightly more
attractive, with a depth  44 MeV at saturation. As in the previous analysis, one can see the presence of oscillations
at long distances (right panel), with an amplitude of the order  4 MeV at saturation.
VII. CONCLUSIONS
In this paper we have discussed medium eects on the nucleon-nucleon potential obtained within the one-boson
exchange approximation in symmetric nuclear matter at zero temperature. The model we used for our calculations
includes  , ! ,  and mesons interacting with nucleons via Yukawa couplings. Wigner function and cluster expansion
techniques are used to obtain the plasma response to meson propagation. The lowest order on this scheme is the
mean-eld approximation. When vacuum eects are properly renormalized, it becomes the Hartree approximation.
The next order in the cluster approximation (when meson correlations are taken into account) has been shown to be
equivalent to consistent one-loop calculation of the meson propagators [13].
In our calculations, medium eects appear in two ways. First, in the nucleon legs of the one-boson exchange diagram
the nucleon eective mass appears. Secondly, the meson propagators are calculated including matter and vacuum
polarization eects.
In symmetric nuclear matter, rho mesons decouple from other mesons. Therefore, it is possible to study one-
exchange alone and simply add the contribution of  , ! and  to the nucleon-nucleon potential at the end. We
have rst studied the dispersion relations which describe the propagation of rho-mesons in matter as density changes.
One observes the presence of two types of branches : a normal branch, which is the analogous of the free-space
mass-shell condition, and several heavy meson branches. The latter appear as a consequence of vacuum eects, in
all the QHD meson models that have been investigated [3,17,13]. Here, due to the derivative coupling of the rho-
mesons to the nucleons, the Lagrangian is non-renormalizable. Yet, it is possible to extract a nite contribution
from the vacuum at each order in the cluster expansion 4. This procedure, however, contains some arbitrariness in
the case of non-renormalizable lagrangians. In view of this, we have compared the results arising from two dierent
renormalization schemes. The rst one is the analogous to the one used in the previous references : we call it ’on
mass-shell’ renormalization. The renormalization procedure suggested in [14] has also been used for comparison.
By using the rst scheme, we nd that the eective mass of rho-mesons grows with density, a feature which is
disfavored by most of present theoretical approaches and by interpretation of dilepton production and spin-transfer
3The contribution from δ and η mesons used in this reference is not included. However, they introduce a very small modification
to the potential at distances r  1 fm.
4We use the word renormalization to describe this procedure, in spite of the non-renormalizability of the model.
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observables data in heavy-ion collisions. The second method gives the opposite behavior : the in-medium rho-meson
mass drops as density grows, in agreement with present ideas. However, it is recognized that large uncertainties are
contained both in the theoretical calculations [32,33,20] and the analysis of experiments mentioned above [27,28]. By
this reason, we have kept these two schemes in our calculations.
Next we investigated the nucleon-nucleon potential obtained by exchange of one rho meson. At short and intermedi-
ate distances, it is repulsive, with an increasing slope at higher densities. In the long-range it contains new qualitative
features, as compared to the free-space potential. It becomes oscillatory, with an amplitude which decreases with
distance, due to the combination of Yukawa-like and Friedel oscillations. The appearance of this oscillatory behavior
can give rise to a new phase of dense matter, characterized by a spatially structured density distribution. We have
veried that the qualitative features within this distance range are not sensitive to the renormalization scheme used.
One then expects that they are to be found in other models describing rho-meson propagation in dense nuclear matter.
When the other mesons are added into the potential, we nd similar results. The potential is repulsive at short
distances and attractive at intermediate distances, with a potential well which is slightly shifted towards larger
distances. In the long-range, r  2 fm, we nd again an oscillatory behavior in all components of the potential, with
the same origin as above. The amplitude of these oscillations increase with density. For two nucleons in a singlet-spin
state, the combined central and spin-interaction has a maximum amplitude  4 MeV at r ’ 3 fm.
To summarize, screening eects can dramatically modify the nature of nuclear interactions in a medium. Vacuum
eects also compete to modify the interaction, so that it is important to design a procedure to incorporate them in a
consistent way. However, the appearance of singular behaviors, as Friedel and Yukawa-like oscillations seems to be a
rather general property of the nuclear interaction.
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APPENDIX A
We give here the complete formulae for the rho-meson polarization tensor in symmetric nuclear matter. This tensor
can be written as :
µνρ (k) = −
Z
d4p Iµν(p; k) J(p; k) (A.1)
where




































In this equation, M is the nucleon eective mass, and m its free mass. The tensor Qµν was dened in Eq.(30). We
have introduced :
J(p; k) =
f(p+ k=2)− f(p− k=2)
k  p (A.3)
The nucleon distribution functions, as they arise from the relativistic Hartree approximation, are the same for protons
and neutrons (in symmetric nuclear matter). They are given by
f(p) =













Here, eff =  + gω < !0 > is the nucleon eective chemical potential,  is the true chemical potential and  is
the inverse temperature. The time-like mean eld value < !0 > of the ! meson is also calculated within the Hartree













all these derivatives must be evaluated in the point k2 = 2ρ; M = m, with the function








where y  1 − k2=(4M2):
The last term in (A.4) gives rise to a divergent contribution in the polarization tensor. In section 3 we have discussed
two possibilities to extract a nite vacuum polarization after a renormalization procedure. By using our ’on-shell’
method, one obtains a nite vacuum contribution Eq. (29), with the function I(k) given by :
I(k) =
n
− fρ gρ k2=
h
(2− 2M2=m2 + 4M=m ln(M=m) ) − ρ 4M=m
+ 4 M=m (k2;M2) − ρk 4(k2 − 2ρ) − ρmm (8m2)(M −m)2






− 8M2 (k2 − 2ρ )
+ 2k22ρ=m
2 (−3m2 + 4mM −M2 ) + 8k2m2=2ρ (k2 − 2ρ )
− 42ρ( k2 + 2M2 ) (k2;M2) + ρk 4k2( k2 − 2ρ ) (2ρ + 2m2 )
+ ρ(− 8k2=2ρ ( k2 − 2ρ )m2 + 4k2 (2ρ + 2M2 ))
+ ρm ( 4k2 [m2 (−2ρ + 6m2 − 16Mm ) +M2 (2ρ + 10m2 ) ] )





k2=4 ( 3 ( 2m2 − 2ρ ) + 4M=m (2ρ − 6m2 )
+ M2=m2 ( 18m2 − 2ρ ) )− k2=2 ( k2 + 6M2 ) ln(M=m)
− k2=2 ( k2 + 8M2 ) (k2;M2) + ρ ( k2=2 ( k2 + 8M2 ) )
+ ρk ( k2=2 ( k2 − 2ρ ) (2ρ + 8m2 ) )
+ ρm ( k2=2 [m2 (−2ρ + 24m2 − 64Mm ) + M2 (2ρ + 40m2 ) ] )
+ ρmm ( k2m2) (2ρ + 8m
2 ) (M −m )2
io
(A.6)
Matter contributions have a more complicated structure. However, at zero temperature it is possible to perform
the integrals in Eq. (A.1) analytically. Moreover, in order to obtain the nucleon-nucleon potential, within the
approximations discussed in this work, we only need to calculate the matter polarization on the k0 = 0 axis. In this
case, one gets more compact expressions. We give here these formulae. By dening q = j~kj, " = pM2 + (q=2)2 and
the nucleon Fermi energy EF =
p





q EF + 2 pF "
q EF − 2 pF " (A.7)
If one writes the rho matter polarization as µνρ mat(q) = − eµνρ mat(q)= 4 , one nds, after some algebra:



















































































+ ε ln jB(q)j+ EF ln jA(q)j
}
(A.8)























































































In this appendix, we give explicit expressions for the dierent meson contributions to the several pieces of the
potential, as they appear in Eq.(38) : central, spin-orbit, spin-spin, tensor, and the nonlocal potentials VNL1(r) and
VNL2(r).
A subscript will label these components, while the superscript indicates the meson which gives this contribution.
For the rho meson we obtained :




















dq q sin(qr)F2ρ G11ρ + g2ρ









dq q2 cos(qr)F2ρ G11ρ
(B.1)
V ρLS(r) = − 12 2 r3
Z 1
0







































12 2 M2 r
Z 1
0
dq q3 F2ρ sin(qr) G11ρ (B.3)
V ρT (r) =














































with the following notations
G00ρ (q) =
1
q2 + 2ρ −00ρ (0; q)
G11ρ (q) =
−1






The mixed -! sector gives












































































































































In the above formulae, one has
Q00(q) = D44(0; q)=(q) ; Q04(q) = −D04(0; q)=(q)
Q44(q) = D00(0; q)=(q) ; (q) = D00(0; q)D44(0; q) − [D04(0; q)]2
D00(0; q) = − [ q2 + 2ω − 00ω (0; q) ] ; D04(0; q) = − 0ωσ(0; q)
D11(0; q) = [ q2 + 2ω + 
11
ω (0; q) ] ; D
44(0; q) = [ q2 + 2σ + σ(0; q) ]
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dqF2pi q3 Gpi(q) sin(qr)

















dqF2pi q2 Gpi(q) cos(qr) (B.12)
where :
Gpi(q)  −1
q2 + 2pi + pi(0; q)
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FIG. 2. Diagramm for one-rho meson exchange. The double line represents the in-medium rho meson propagator.
FIG. 3. Rho-meson branches at saturation density. The solid line corresponds to normal branches. Here and hereafter,
left panel shows transversal modes, and right panel shows time-longitudinal modes. Magnitudes are given in units of the free
nucleon mass m.
FIG. 4. Rho-meson branches at zero density.
16
FIG. 5. Evolution of normal branches as density increases. The value of the density is labeled by the corresponding nucleon
Fermi momentum (in units of its free mass).
FIG. 6. Rho branches for several values of the nuclear Fermi momentum, labeled as in previous figure.
FIG. 7. In-medium rho-meson mass as a function of the nuclear Fermi momentum. Vacuum polarization is included according
to the on-mass-shell renormalization scheme.
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FIG. 8. Same as Fig. 7, but neglecting the vacuum contribution.
FIG. 9. Same as Fig. 7, but vacuum is including according to the alternative renormalization scheme discussed in the text.
FIG. 10. Central component of one-rho exchange potential at saturation density (solid curve) and free space (short dashes),
for two different distance ranges.
18
FIG. 11. Spin-orbit (upper panel),tensor (middle panel) and spin-spin (lower panel) components of one-rho exchange at
different nuclear Fermi momenta. For comparison, results using the second renormalization scheme have been plotted using a
dotted line.
FIG. 12. Central component of the potential, including all mesons of our model. Solid line is for saturation density,
dashed-dotted line corresponds to zero density.
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FIG. 13. Combined meson potential in the S = 0, T = 1 channel. Conventions are the same as in Fig. 12. Also shown for
comparison the same potential obtained with free meson propagators (dotted line).
TABLE I.
(JP ; I)  (MeV ) g2=4 f
 0+; 0 1617 7:6 −
! 1−; 0 1152 34:8 −
 1−; 1 1365 0:92 19:5






VCSS [ + !] 0:5
VLS [ + !] 0:7
VT [ + !] 0:5
VSS [] 0:2
VT [] 0:06
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